The current study investigated the accident rates across morning, late, and night shifts in rotating shift-workers employed in two different shift rotations at the same steel work factory. A retrospective analysis has been performed of accident data (N = 578) over a 5-year period (2003 through 2007) of 730 male shift-workers employed in either a clockwise (mean age of the workers 38.1 ± SD 9.8 years) or counterclockwise rotation (mean age 38.0 ± SD 10.1 years) with comparable work conditions. The overall accident rate across the 24-h day was not significantly different between clockwise and counterclockwise shift rotation. In both shift-work rotations, morning shifts as opposed to night shifts exhibited a significantly higher accident rate. There was no significant difference between late shifts and morning or night shifts in either shift rotation. The increased accident rate in the morning shift at this steel factory could be related to the early starting time of the shift and to this shift being more labor intensive in both shift rotations. These findings suggest that work-related factors must be considered in addition to shift-work schedules when investigating accident rates in rotating shift-workers.
INTRODUCTION
Shift-work affects the health of a significant number of workers (Karlsson et al. 2003; Knutsson 2003; Kantermann et al. 2010) but to date the contribution of shiftwork schedules to risk remains unclear. This concerns, for example, how the timing and rotation of schedules should be arranged to decrease and minimize adverse effects (Folkard 1992) . Whereas especially night work has been reported to show an increased risk of being involved in an accident at work (Folkard and Tucker 2003; Folkard et al. 2005) , previous studies have also shown influences of other factors as, inter alia, sleep deprivation due to an early start of the morning shift, length of time on shift, the number of consecutive shifts, or occupation (Costa 2003; Folkard et al. 2005) . However, such influences on the accident rate have also been found in occupations with otherwise comparable work tasks across individual shifts (Folkard 1997) . These findings are supported by human circadian studies on alertness, vigilance, sleepiness and fatigue, showing distinct peaks and troughs across the 24-h day (Aschoff 1965; Strogatz et al. 1987; Folkard and Barton 1993; Å kerstedt 2007; Scheer et al. 2009 ). In addition, some major disasters of the past have been associated with night-work-related sleep deprivation and reduced alertness (Mitler et al. 1988) .
Only a few studies, however, have looked at sleep and health in shift-workers employed in different shift systems (Czeisler et al. 1982; Orth-Gomer 1983; Barton et al. 1993; van Amelsvoort et al. 2001; Knauth and Hornberger 2003) and one aspect that has been little explored is the accident rate in different shift-work rotations, namely in clockwise and counterclockwise rotations. The aim of the current study was to analyze accident data from male steel workers employed in shift schedules encompassing three different shifts (morning, late, night shifts), rotating in either a clockwise 1 (e.g., morning to late to night shifts) or counterclockwise 2 (e.g., night to late to morning shifts) direction. It was hypothesized that the accident rate in the current study would be (i) highest on the night shift, (ii) that it would vary with the length of time on shift and, (iii) that it would be different between the clockwise and counterclockwise rotating shift-workers. were pooled prior to analysis. Typical accidents were stumbling while walking, contusions, bruises, cuts to fingers, or burns (e.g., while handling [often very hot] steel plates). Data were provided with the date and clock time of the accidents and analyzed in hourly bins (e.g ., an accident that happened at 14:25 hours was allocated to the "14 hour" bin). To account for the different number of workers on each shift, accident data were analyzed after normalization to a standardized accident count of 100 workers per shift. Data were also analyzed by length of time on shift (1st to 8th work hour). Only those accidents for which the direction of the shift schedule (clockwise or counterclockwise) was known have been used for the analysis. Therefore, from a total of N = 1025 accidents registered from 2003 through 2007, 578 (56%) accidents that clearly indicated the direction of the shift schedule of the worker involved in the respective accident were analyzed. 
METHODS AND MATERIALS
(M) = Morning shift 06:00-14:00 h; L = late shift 14:00-22:00 h; N = night shift 22:00-06:00 h; DO = day off. Note, the counterclockwise workers had a variable number of free non-work days to be taken within a shift-work cycle so that each worker had the same number of free non-work days per year.
CALCULATION
Shown in Table 1 are representative examples of a full shift-work cycle for an individual working in a clockwise and counterclockwise rotation, respectively. At this steel factory no other shift systems were employed. The clockwise group at the steel factory worked a faster rotating schedule than the counterclockwise workers. The number of free non-work days within a shift cycle could have been different per worker, and, in addition, the counterclockwise workers had a variable number of free days to choose within a shift-work cycle. The number of free non-work days, however, was the same per year for each worker. The work times for both shift-work rotation groups were 06:00-14:00 (morning shift), 14:00-22:00 (late shift), and 22:00-06:00 (night shift). At this steel factory the allocation of a worker to either of these two shift patterns was solely dependent on job vacancies offered to a worker applying for a job, and not subject to the workers' choice. Shift-workers have been reported not to switch from one shift rotation to the other. The tasks of the workers in the two shift-work rotations only differed due to their role in the steel producing process, and were assumed by the company to be equally labor intensive and stressful.
At the current factory, clockwise workers handled the steel while in its liquid phase (work phase 1, steel temperatures of 1400-1500
• C) and the counterclockwise group processed the steel in its later more solid phase (work phase 2, steel temperature of about 1200
• C). Times of rest breaks were not available, however, rest breaks were evenly distributed across each shift, and only depended on the possibilities for rest within a certain work process (e.g., maintenance work, control work or work at the furnace and rolling steel mill). Manual and preparation work was done mainly during the morning shift in both shift rotations. From discussion with the Occupational Health Department we learned that the a priori risk of being involved in an accident at work is not regarded by the Management as dependent on the direction of shift rotation. In addition, the level of supervision of the workers did not affect the process of reporting an accident, as any accident at any time of day or night in any of the three shifts was first reported to one of three security guards who were located at strategic points in the factory. Each security guard then followed a standardized accident reporting protocol. Data analysis was performed using PASW Statistics 18.0 (IBM, Somers NY, USA) for Macintosh. Parametric and non-parametric statistical analyses were performed as appropriate.
RESULTS
A total number of 578 accidents for the years 2003 through 2007 were analyzed. There was no age difference (p = .92, unpaired Students' t-test) between the workers in the two shift rotations (clockwise: mean 38.1 ± SD 9.8 years; counterclockwise: mean 38.0 ± SD 10.1 years). A clear diurnal variation for the accident rates across the 24-h day was observed in both rotations (Figures 1A and 1B ; data are presented as a double-plot for illustrative purposes to better show the 24-h variation).
The highest accident rate was found in the morning shift (06:00-14:00), with a lower rate across the late shift (14:00-22:00) and the lowest rate during the night shift (22:00-06:00), which was similar in both shift rotations. General linear model analysis showed no interaction between "shift type" (morning, late, night) and "length of time on shift" (1st to 8th work hour) on the accident rate (p = 0.116). There was no statistically significant difference in the accident rate between the morning, late, and night shifts between the two shift systems (data not shown). Within both shift rotations, there was a significant difference in the accident rate between the morning and night shifts (Figure 2 ), but not between morning and late shifts or between night and late shifts. We correlated the accident rate per hour with the length of time on shift (1st to 8th work hour), to test the hypothesis whether an increased accident rate depended on the length of time a shift-worker had been working. The accident rate did not correlate with the length of time on shift (1st to 8th hour on shift; 2-tailed Pearson correlation), except for the late shift in a counterclockwise rotation (r = -0.802, p = .017), showing a decrease in the accident rate as length of time on shift increased.
DISCUSSION
The findings of this study to some extent contrast results of previous reports on the accident rate in shift-workers (Mitler et al. 1988; Costa 2003; Folkard et al. 2005) . We found that the morning shift rather than the night shift had the highest accident rate in both shift rotations. The a priori risk of being involved in an accident at work was assumed by the company to be similar in both shift rotations. Notably, the 24-h variation in accident rate was not statistically different between the clockwise and counterclockwise shift schedule in this study. Our findings, therefore, possibly reflect the fact that most of the manual and preparation work was done in the morning shift of both shift rotations. An additional reason for the increased accident rate in the morning shift might be related to the very early shift start at 06:00 h, which means an even earlier time of getting out of bed compounding the problem after a number of free days off. The allocation of work shifts and days off within a shift-work cycle would interfere with entrainment of the circadian clock (Roenneberg et al. 2007; Kantermann et al. 2010 ) and the sleep/wake pattern in these workers and hence with their adjustability to a certain work shift (Monk et al. 1996; Knauth and Hornberger 2003; Smith et al. 2009; Postnova et al. 2012) . This finding may imply that the circadian rhythm in sleepiness and alertness must be assumed to additionally modify accident risk at certain times of the day. Although not statistically different, the accident rate in the morning shift was higher in clockwise compared to counterclockwise workers in the current study. This difference might be partly related to the different allocation of the number of morning shifts and days off within the clockwise and counterclockwise schedule. We can only speculate on this finding as, unfortunately, we have no information about the different shift In both shift rotations the accident rate was significantly higher in the morning compared to the night shift. * p < .05; * * p < .01 compared to corresponding night shift (Dunn's test).
types and days off within these shift-work cycles. The coincidence of sleep deprivation/sleep inertia at the start of the early morning shift with the period of highest physical work for the workers might explain our results.
We were not able to assess the differential effects of the different directions and speeds of the two shift rotations. Rotation and speed could be a confounding factor in the study, which in turn could affect the extent of sleep deprivation of the worker and hence accident rate. To resolve this problem one would need to study two additional rotation groups, namely a fast counterclockwise and a slow clockwise rotation shift, but such shift systems were not employed at this steel factory. However, since there was no statistically significant difference between the accident rate on morning shifts between clockwise and counterclockwise rotation we can assume that any such effect was small in the current study. Future studies of this type, however, in combination with objective physiological measures and, for example, estimates of work monotony (which could affect levels of alertness and performance) are warranted.
In the current study there was a trend of a decreasing accident rate by the number of hours (1st to 8th) the counterclockwise workers spent on their late shifts (between 14:00 and 22:00). This negative correlation in the accident rate in the counterclockwise late shift over time could be associated with the increased level of alertness and decreased sleepiness reported between 20:00 and 22:00 in nonshift-workers, which has been previously described as the "forbidden zone for sleep" (Lavie 1986) or as the "wake maintenance zone" (Strogatz et al. 1987 ). An effect of the "forbidden sleep zone" on sleep timing in shift-workers has also been previously reported (Folkard and Barton 1993) . As sleepiness and alertness were not measured in the current study, we can only speculate on this finding, which suggests that sleepiness and alertness are less affected by the length of time a worker is on shift, but more so by the underlying circadian alerting signal. Therefore, the finding of such positive association with the "forbidden sleep zone" might also indicate that the circadian rhythm in the counterclockwise workers was less phase shifted than in the clockwise workers.
Considering the large number of different shift-work systems employed worldwide, a single solution suitable for all workers will be impossible to establish. Current practices of shift-work scheduling promote clockwise rotation (Czeisler et al. 1982; Orth-Gomer 1983; Barton et al. 1993; van Amelsvoort et al. 2001; Knauth and Hornberger 2003) . This pattern was based inter alia on early studies of time-zone travel showing that westward flights, compared to eastward flights, were accompanied by faster adjustment to a new time zone, due to the fact that phase delays of the internal clock are for most people easier to accomplish than phase advances (Knauth and Hornberger 2003; Sack et al. 2007 ). These considerations may be applicable to some shift-work settings but studies clearly defining the contribution of both the direction and speed of shift rotation to shift-work adjustment are lacking (Costa 2003; Knutsson 2004; Kantermann et al. 2010; Postnova et al. 2012) . In real life, for instance, complete adjustment to night work is rare even in permanent night shift-workers (Folkard 2008) . Exceptions have been found only in those shift-workers working in unique, adjustment-promoting work environments like oilrigs (Barnes et al. 1998; Gibbs et al. 2002) or workstations in Antarctica (Midwinter and Arendt 1991; Ross et al. 1995) . Furthermore, a series of recent shift-work simulation studies has shown that not complete adjustment, but establishment of a compromise phase position, might be more beneficial to facilitate adjustment for those who regularly switch between night and day work (Revell and Eastman 2005; Lee et al. 2006; Smith et al. 2009) . Whether this holds true and is also feasible for rotating shift-workers in real life settings is subject to future studies. Some studies have investigated sleep and health in shift-workers employed in different rotations arguing in favor of clockwise rotation (Czeisler et al. 1982; Orth-Gomer 1983; Barton et al. 1993; van Amelsvoort et al. 2001; Knauth and Hornberger 2003) but prospective, longitudinal field studies on the differential effects of fast or slow adjustment in clockwise or counterclockwise rotations have not yet been performed.
STRENGTHS AND LIMITATIONS
The strengths of the current study are the comparison of the accident rate for two different shift-work rotations occurring at the same workplace as well as the precision of the accident data collected with detailed time and date information. The limitations of this study are its retrospective design and the non-availability of supplementary data on work tasks, rest breaks, individual sleep times (especially for the sleep period before the respective shift in which an accident occurred), and sleepiness and alertness levels at work. In addition, we excluded all those accidents that did not clearly indicate the direction of the shift schedule of the worker involved in the respective accident, which has led to a loss of data of 44%. We do not assume that this loss of data affects the accuracy of the remaining data that was used for the analysis negatively. The results of the current study must thus be regarded with
